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ABSTRACT
In this paper, we present the study for the energy reservoir powering the light curves (LCs) of PS1-12cil
and SN 2012aa which are superluminous and luminous supernovae (SNe), respectively. The multi-
band and bolometric LCs of these two SNe show unusual secondary bumps after the main peaks.
The two-peaked LCs cannot be explained by any simple energy-source models (e.g., the 56Ni cascade
decay model, the magnetar spin-down model, and the ejecta-circumstellar medium interaction model).
Therefore, we employ the 56Ni plus ejecta-circumstellar medium (CSM) interaction (CSI) model, the
magnetar plus CSI model, and the double CSI model to fit their bolometric LCs, and find that both
these two SNe can be explained by the double CSI model and the magnetar plus CSI model. Based
on the modeling, we calculate the the time when the shells were expelled by the progenitors: provided
that they were powered by double ejecta-shell CSI, the inner and outer shells might be expelled
∼ 0.2− 3.6 and ∼ 2− 25 years before the explosions of the SNe, respectively; the shells were expelled
∼ 2− 20 years before the explosions of the SNe if they were powered by magnetars plus CSI.
Keywords: stars: magnetars – circumstellar matter – supernovae: general – supernovae: individual
(PS1-12cil, SN 2012aa)
1. INTRODUCTION
Supernovae (SNe) are energetic explosions emitting luminous ultraviolet (UV), optical, and near infrared (NIR)
radiation. The peak luminosities of most of SNe are ∼ 1042 − 1043 erg s−1. According to the spectra around the
light-curves (LCs) peaks, SNe can be divided into types I which are hydrogen-deficient and II which are hydrogen-rich
(Minkowski 1941). Type I SNe can be divided into types Ia, Ib, and Ic, while most of type II SNe can be divided into
types II-P, II-L, IIn, and IIb. (Filippenko 1997). The spectral types directly reflects the properties of the progenitors
of SNe. It has long been believed that type Ia SNe result from the explosions of white drawfs (Hoyle & Fowler 1960),
while the other types of SNe come from collapse of massive stars (Baade & Zwicky 1934; Janka et al. 2016).
SNe Ic have attracted more and more attention due partly to the fact that a fraction of them have been found to be
associated with long gamma-ray bursts (GRBs) (e.g., Galama et al. 1998; Hjorth et al. 2003, see Woosley & Bloom
2006; Cano et al. 2017 for reviews). On the other hand, over 100 superluminous SNe (SLSNe) whose peak luminosities
are ∼ 100 times brighter than that of normal SNe have been discovered and studied in the past two decades(Gal-Yam
2012; Inserra 2019); meanwhile, dozens of luminous optical transients (including luminous SNe) with peak luminosities
between that of normal and superluminous SNe have also been discovered (Arcavi et al. 2016). Like normal SNe,
SLSNe and luminous SNe can also be classified into types I and II and most of SLSNe I are SNe Ic.
Previous research have shown that the LCs of almost all ordinary SNe can be explained by the 56Ni model and
the hydrogen recombination model while the LCs of almost all SLSNe and luminous SNe cannot be explained by the
56Ni model. Alternatively, the magnetar spin-down model (Kasen & Bildsten 2010; Inserra et al. 2013; Nicholl et al.
22013, 2014; Wang et al. 2015b, 2016a), the ejecta-circumstellar medium (CSM) interaction (CSI) model (Chevalier
1982; Chevalier & Fransson 1994; Chevalier & Irwin 2011; Chatzopoulos et al. 2012; Liu et al. 2018), and the fallback
model (Dexter & Kasen 2013) have been employed to account for the LCs of SLSNe, some luminous SNe as well as a
fraction of rapid rising luminous optical transients (see, Moriya et al. 2018; Wang et al. 2019; Inserra 2019 for reviews
and references therein).
Nevertheless, all energy-source models mentioned above (the 56Ni model, the magnetar model, the CSI model and
the fallback model) cannot reproduce the LCs of SNe showing two or more peaks, (e.g. iPTF13ehe, Yan et al. 2015;
iPTF15esb, Yan et al. 2017; PTF12dam, and iPTF13dcc, Vreeswijk et al. 2017). To resolve this problem, various
models have been developed. Piro (2015) develop a semi-analytic post-shock cooling model that can be used to
account for the first peak of the LC of a double-peaked SN and the second peak of the SN can be explained by
the aforementioned models. Wang et al. (2016b) propose that a double energy source model (magnetar plus CSI) or
a triple energy source model (56Ni plus magnetar plus CSI) can be used to explain the LCs of SLSNe exhibiting a
rebrightening or double-peaked feature; Vreeswijk et al. (2017) suggest that a cooling plus magnetar model can explain
the LCs of PTF12dam and iPTF13dcc; Liu et al. (2018) develop a multiple CSI model involving the collisions between
the ejecta and the CSM shells or winds locating at different sites and use these models to fit the LCs of iPTF15esb
and iPTF13dcc.
In this paper, we study two hydrogen-poor SNe, PS1-12cil and SN 2012aa. PS1-12cil is a SLSN I discovered by
the Panoramic Survey Telescope & Rapid Response System (Pan-STARRS1, PS1; Kaiser et al. 2010; Tonry et al.
2012) Medium Deep Survey (PS1 MDS) at a redshift (z) of 0.32 (Lunnan et al. 2018); SN 2012aa is a luminous SN
Ic that was discovered by the Lick Observatory Supernova Search (LOSS, Filippenko et al. 2001) at a redshift (z) of
0.083 (Roy et al. 2016). The multi-band LCs of these two SNe show unusual post-peak bumps (Lunnan et al. 2018;
Roy et al. 2016) and make them double-peaked SNe which cannot be explained by any models that can reproduce
single-peak LCs. We research the possible energy sources that can account for the double-peaked LCs of PS1-12cil
and SN 2012aa and constrain the physical parameters of the models. In Section 2, we use the 56Ni plus CSI model,
the magnetar plus CSI model, and the multiple CSI model to fit the bolometric LCs of PS1-12cil and SN 2012aa and
derive the best-fitting parameters. Our discussion and conclusions can be found in Sections 3 and 4, respectively.
2. MODELING THE BOLOMETRIC LCS OF PS1-12CIL AND SN 2012AA
In their paper, Roy et al. (2016) employ the 56Ni model and the magnetar model to model the bolometric LC of
SN 2012aa. It can be found that while the first peak and the late-time LC of SN 2012aa can be well fit by these two
models, the second peak, i.e., the post-peak bump cannot be explained by these models. More complicated models
are needed to resolve this problem. Roy et al. (2016) suggest that 56Ni plus CSI model might be a reasonable model
to account for the whole double-peaked LC of SN 2012aa, but they don’t model the LC using this model. Similarly,
the double-peaked LC of PS1-12cil must be modelled by more complicated models rather than simpler models like the
56Ni model and the magnetar model. Therefore, we don’t consider these simple models throughout this paper.
In this section, we reproduce the bolometric LCs of PS1-12cil and SN 2012aa by adopting the 56Ni plus CSI model,
the magnetar plus CSI model, and the multiple CSI model. Markov Chain Monte Carlo (MCMC) technique is employed
to obtain the best-fitting parameters and the 1σ uncertainties.
2.1. The 56Ni Plus CSI Model
Firstly, we employ the 56Ni plus CSI model to fit the bolometric LCs of PS1-12cil and SN 2012aa. We suppose that
the 56Ni power the first peaks, while the second peaks (bumps) can be explained by the CSI model. The 56Ni model in
our double-energy-source model including following parameters: the optical opacity κ, the ejecta mass Mej, the mass
of 56Ni MNi, the gamma-ray opacity of of
56Ni decay photons κγ,Ni, the moment of explosion texpl, the velocity of the
ejecta vSN. Based on their photospheric velocity from (Lunnan et al. 2018) and (Roy et al. 2016), the velocities of the
ejecta of PS1-12cil and SN 2012aa are set to be 15, 000 km s−1 and 11, 400 km s−1, respectively.
The density profile of the inner regions and the outer regions of the ejecta can be described by ρej ∝ R
−δ
ej and
ρej ∝ R
−n
ej (here, we take δ = 0 and n = 7), respectively; the density profile of the CSM can be described by
ρCSM ∝ R
−s
CSM (s = 0 for material shells, s = 2 for stellar winds). Forward shock and reverse shock generated by the
interactions between the ejecta and CSM propagate into CSM and ejecta, respectively, converting the kinetic energy
to radiation and driving the LCs of the bumps.
The parameters of the CSI model are the CSM mass MCSM, the density of the innermost part of the CSM ρCSM,in,
the efficiency of conversion from the kinetic energy to radiation ǫ, the dimensionless position parameter of break in
the ejecta from the inner region to the outer region x0, the trigger moment of the interactions tCSI, and Mej.
3The theoretical bolometric LCs reproduced by the 56Ni plus CSI model are shown in Figure 1. It can be found that
the theoretical LCs can match the observational data. For PS1-12cil, the masses of the ejecta, 56Ni, and CSM are
Mej = 4.95
+0.76
−0.73 M⊙, MNi = 3.57
+0.07
−0.06 M⊙, MCSM = 4.66
+0.76
−0.70 M⊙, respectively; for SN 2012aa, the masses of the
ejecta, 56Ni, and CSM are Mej = 5.89
+0.12
−0.12 M⊙, MNi = 1.63
+0.01
−0.01 M⊙, MCSM = 1.47
+0.15
−0.09 M⊙. These three parameters
and other best-fit parameters are listed in Table 1.
2.2. The Magnetar Plus CSI Model
Replacing the mass of 56Ni MNi and the gamma-ray opacity of of
56Ni decay photons κγ,Ni by the magnetic field
strength Bp, the initial spin periods P0, and the gamma-ray opacity of magnetar spinning-down generated photons
κγ,mag, the
56Ni plus CSI model can be changed to the magnetar plus CSI model. Here, we use this model to fit the
LCs of For PS1-12cil and SN 2012aa.
The theoretical LCs yielded by the magnetar plus CSI model are plotted in Figure 2. They also match the
observational data. For PS1-12cil, the best-fitting parameters are: Mej = 10.59
+3.25
−3.37 M⊙, P0 = 6.52
+0.09
−0.10 ms,
Bp = 5.09
+0.13
−0.13×10
14 G, MCSM = 9.64
+2.97
−3.04 M⊙; for SN 2012aa, the best-fitting parameters are: Mej = 10.28
+0.72
−0.61 M⊙,
P0 = 8.99
+0.11
−0.14 ms, Bp = 4.68
+0.40
−0.29× 10
14 G, MCSM = 1.93
+0.15
−0.12 M⊙. These four parameters and other best-fit param-
eters are listed in Table 2.
2.3. The Multiple CSI Model
The multiple CSI model developed by Liu et al. (2018) is also a promising model that can account for two or more
LC peaks of SNe. The free parameters of multiple CSI model are listed in 3. Based on the shapes of bolometric LCs
of PS1-12cil and SN 2012aa, we assume that there are two interactions between ejecta and CSM. In other words, the
multiple CSI model adopted here is a double CSI model. It is reasonable to suppose that the outer CSM are shells
(s = 0) while the inner CSM can either be the stellar wind (s = 2) or the shell (s = 0). Both these two combinations
are considered here.
The LCs produced by the double CSI model are shown in Figure 3 and the best-fitting parameters are listed in
Table 3. For PS1-12cil, Mej,1 = 25.64
+2.51
−3.12 M⊙, MCSM,1 = 17.19
+1.59
−1.88 M⊙, MCSM,2 = 4.07
+0.65
−0.51 M⊙ if the inner CSM
is a wind (s = 2); otherwise (s = 0), Mej,1 = 13.18
+2.56
−2.07 M⊙, MCSM,1 = 7.13
+1.39
−1.15 M⊙, MCSM,2 = 6.26
+0.93
−0.97 M⊙. For
SN 2012aa, Mej,1 = 19.46
+1.70
−1.25 M⊙, MCSM,1 = 19.41
+0.37
−0.65 M⊙, MCSM,2 = 2.36
+0.15
−0.17 M⊙ if the the inner CSM is a wind
(s = 2); otherwise (s = 0), Mej,1 = 15.60
+0.93
−0.97 M⊙, MCSM,1 = 17.77
+0.95
−0.96 M⊙, MCSM,2 = 2.16
+0.20
−0.19 M⊙.
3. DISCUSSION
3.1. Which is the Best Model?
3.1.1. PS1-12cil
For PS1-12cil, the 56Ni plus CSI model is disfavored since the ratio of the mass of 56Ni (3.57+0.07
−0.06 M⊙) to the mass
of the eject (4.95+0.76
−0.73 M⊙) MNi/Mej is ∼ 0.72 while the upper limit of this ratio is ∼ 0.2 (Umeda & Nomoto 2008)
and Inserra et al. (2013) suggest that 0.5 can be regarded as the upper limit of this ratio.
The theoretical LC yielded by the magnetar plus CSI model can match the data well and the value of χ2/dof of this
model is 54.39/11 = 4.94.
For the two shell CSI model, the masses of the inner shell (MCSM,1) and the outer shell (MCSM,2) are ∼ 7.13 M⊙)
and ∼ 6.26 M⊙, respectively; the value of χ
2/dof of this model is 21.08/10 = 2.11.
For the case of the “inner wind plus outer shell” combination, the value of χ2/dof of this model is 31.48/10 = 3.15.
Assuming that the velocity of the wind of the progenitor of an SN Ibc is (vw) is 100−1000 km s
−1 (see, e.g., Table 1 of
Smith 2014), the mass loss rate M˙ = 4πvwq (q = ρCSM,in,1R
2
CSM,in,1) of the stellar wind is M˙ ∼ 10.1− 101 M⊙ yr
−1,
significantly larger than the typical values for most of SN progenitors. 1
To produce such extreme wind mass loss, so-called “super-winds” are required. Recently, Moriya et al. (2019)
suggest that the multi-peaked IIP SN iPTF14hls is a optical transient powered by mass loss history. In this scenario,
the maximum mass loss rate must be larger than 10 M⊙ yr
−1. As pointed out by Moriya et al. (2019), however, how
to produce so large mass loss is unclear. Moreover, the velocity of the putative wind of PS1-12cil might be significantly
larger than 100 km s−1 and can be up to 1000 km s−1 since PS1-12cil is a hydrogen-poor SLSN whose progenitor might
1 For instance, the values of M˙ of SN 1994W, SN 1995G, and iPTF13z are ∼ 0.2 M⊙ yr−1 (Chugai et al. 2004), ∼ 0.1 M⊙ yr−1
(Chugai & Danziger 2003), and ∼ 0.1 − 2 M⊙ yr−1 (Nyholm et al. 2017), respectively. Smith (2013) suggest that the CSI between the
ejecta (Mej ∼ 10M⊙ and a srong wind (M˙ ∼ 0.33 M⊙ yr
−1) blowing for 30 years could power the light curve of the 19th century
eruption of Eta Carinae. Ofek et al. (2014b) propose that the interaction between the ejecta and a wind with mass loss rate M˙ ≈
0.8(vCSM/300 km s
−1) M⊙ yr−1 can account for the light curve of SN 2010jl (Smith et al. 2011; Stoll et al. 2011; Smith et al. 2012;
Zhang et al. 2012; Ofek et al. 2014b; Fransson et al. 2014) and the accumulated CSM over ∼ 10 or 16 years is ∼ 10M⊙.
4be a Wolf-Rayet-like star which would blow high-velocity wind; in this case, the mass loss rate would be significantly
larger than 10 M⊙ yr
−1. Therefore, the scenario involving a wind with mass loss rate & 10 M⊙ yr
−1 need some
unknown extraordinary mechanism.
Comparing the χ2/dof of these models, the double CSI model involving two shells (s = 0) is the best one for
PS1-12cil, while the magnetar plus CSI model is also a promising model that can account for the LC of PS1-12cil.
The spectral features would provide more information. The PS1-12cil’s spectrum obtained 1 day after the peak
don’t show emission line due to the the CSI, indicating either that the early LC of PS1-12cil might be powered by the
magnetar rather than CSI or that the CSM is asymmetric and the emission lines were swallowed by the ejecta. There
are no late-time spectra and the power sources powering the late-time LC cannot be constrained by spectra. If we
neglect the asymmetry effect, the magnetar plus CSI model is the best one.
3.1.2. SN 2012aa
For SN 2012aa, the value of χ2/dof of the 56Ni plus CSI model is 92.90/22 = 4.22. The model need 1.63+0.01
−0.01 M⊙
of 56Ni; the ejecta mass derived is 5.89+0.12
−0.12 M⊙, indicating that the value of MNi/Mej is ∼ 0.28. This value is larger
than 0.2 but smaller than 0.5, so the 56Ni plus CSI model cannot be completely excluded.
Based on the parameters derived, the value of the kinetic energy of SN 2012aa can be calculated, ∼ 4.6× 1051 erg,
which is lower than those of some hypernovae (& 1052 erg, e.g., SNe 1998bw and 2003dh), suggesting that the mass of
56Ni must be lower than those of these hypernovae for which the inferred 56Ni masses are . 0.5 M⊙.
2 However, the
56Ni mass derived by 56Ni plus CSI model is 1.63+0.01
−0.01 M⊙, significantly higher than those of SNe 1998bw and 2003dh.
So this model is disfavored.
The values of the parameters of the magnetar plus CSI model are reasonable, and the value of χ2/dof of this model
is 36.77/21 = 1.75. For the two shell CSI model, the masses of the inner shell (MCSM,1) and the outer shell (MCSM,2)
are ∼ 18 M⊙) and ∼ 2 M⊙, respectively; the value of χ
2/dof of this model is 18.61/20 = 0.93. For wind plus shell CSI
model, the derived value of M˙ is ∼ 10.4− 104 M⊙ yr
−1, and the value of χ2/dof of this model is 44.23/20 = 2.21.
So the two shell CSI model is the best one for SN 2012aa and the magnetar plus CSI model is also a reasonable
model in explaining the SN 2012aa’s LC.
The early spectra of SN 2012aa resemble those of SNe Ic-BL, Roy et al. (2016) point out that the broad emission
feature (Gaussian FWHM ≈ 14, 000 km s−1) near Hα remains almost constant throughout its evolution. This feature
is prominent in the spectrum 47 d after the LC peak of SN 2012aa. Roy et al. (2016) suggest that this feature could
be due to [O I] λλ6300, 6364 or blueshifted (1500-2500 kms−1) Hα emission.
For the latter explanation, Roy et al. (2016) propose that the feature is consistent with the CSM-interaction scenario
since it becomes prominent by +47 d when the LC peaks again. If the early-time LC was also powered by CSI, the
possible emission lines associated with CSI might be stronger than that in the late-time spectra since the density and
mass of the inner shell are larger than those of outer shell, inconsistent with the observations which show that the
feature was marginally present in the spectrum by +29 d and become prominent in the spectrum +47 d. Therefore,
the magnetar plus CSI model is favored.
Nevertheless, if the broad emission feature is [O I] λλ6300, 6364 rather than the CSI-induced emission lines, we can
expect that the CSI between the ejecta and the asymmetric CSM could produce the CSI without emission lines. In
this case, both the two shell CSI model and the magnetar plus CSI model are plausible.
3.2. The the Mass Loss Histories of PS1-12cil and SN 2012aa
The most promising models of PS1-12cil and SN 2012aa is the two shell CSI model. However, the magnetar plus
CSI model is also a possible model for these two SNe. It is interesting to infer the mass-loss histories of these two SNe
based on these two models.
Provided that ∆t′ is the interval between the time when the shells were expelled and the time when the shells were
collided, ∆t = tCSI − texpl is the interval between the time when the SNe exploded and the time when the shells were
collided, we have vSN∆t = vshell(∆t
′ + ∆t), i.e., ∆t′ = (vSN/vshell − 1)∆t, here, vshell is the velocity of the shells.
Supposing that the value of the velocity of the shells is 100− 1000 km s−1, we can infer the values of t′.
Under the hypothesis that the LCs of PS1-12cil and SN 2012aa were powered by two shell CSI, the values of of t′
can be derived below. For PS1-12cil, vSN = 15, 000 km s
−1, ∆tinner ∼ 8.70 days, ∆t
′
inner ∼ 121.74 − 1295.70 days
(∼ 0.3 − 3.6 years); ∆touter ∼ 62.14 days, ∆t
′
outer ∼ 869.90 − 9258.26 days (∼ 2.4 − 25.4 years). For SN 2012aa,
vSN = 11, 400 km s
−1, ∆tinner ∼ 8.27 days, ∆t
′
inner ∼ 86.05 − 935.01 days (∼ 0.2 − 2.6 years); ∆touter ∼ 79.08 days,
2 Larger kinetic energy would produce more 56Ni, see Fig 8 of Mazzali et al. (2013), Wang et al. (2015a) and references therein.
5∆t′outer ∼ 822.48− 8936.54 days (∼ 2.3 − 24.5 years). We find that the values of ∆t
′ of the inner shells of these two
SNe are approximately equal to each other; similarly, the values of ∆t′ of the outer shells of these two SNe are also
approximately equal to each other.
Similarly, we can infer the values of of t′ based on the assumption that these two SNe were powered by magnetars
and CSI. For PS1-12cil, vSN = 15, 000 km s
−1, ∆t ∼ 55 days, then ∆t′ ∼ 770 − 8200 days, ∼ 2 − 22 years. For SN
2012aa, vSN = 11, 400 km s
−1, ∆t ∼ 75 days, then ∆t′ ∼ 780− 8500 days, ∼ 2 − 23 years. The values of ∆t′ of these
two SNe are equal to each other.
3.3. Comparing the Properties of these two SNe and other double-peaked SNe associated with CSI
It is interesting to compare the observation properties and the derived physical parameters of these two SNe. From
the observational aspect, both two SNe have bright main-peaks, and the delay time between the main-peaks and the
bumps (second peaks) are about 40 days, indicating that the model parameters might be rather similar if they share
the same origin.
If we suppose that the first peaks of these two SNe were powered by the magnetars, the initial spin periods (P0) and
the magnetic field strength (Bp) of the putative magnetars are ∼ 7 − 10 ms and ∼ 5 × 10
14 G, respectively. These
values are consistent with that of the magnetars supposed to power the LCs of type I SLSNe (Liu et al. 2017; Yu et al.
2017; Nicholl et al. 2017). Moreover, the CSM shells should be expelled ∼ 2 − 22 years prior to the SN explosions if
the post-peak bumps were powered by the CSI.
Provided that the whole LCs of PS1-12cil and SN 2012aa were powered by two shell CSI, we find that the mass loss
histories of inner shells (∼ 0.3− 3 years prior to the SN explosions) and the outer shells (∼ 2− 25 years prior to the
SN explosions) of these two SNe are also approximately equal to each other.
The resemblances between these two SNe suggest that the properties of their progenitors are similar to each other:
they yield magnetars with nearly same properties and experience the same pre-SN eruptions for in the magnetar plus
CSI scenario, or experience the two pre-SN eruptions sharing the properties consistent with each other.
Furthermore, we can compare these two SNe with other double-peaked SNe which have ∼ 40 days delay between
two peaks. Smith et al. (2014a) suggest that both SN 2009ip (2012a/b, Mauerhan et al. 2013; Pastorello et al. 2013;
Margutti et al. 2014; Smith et al. 2010) and SN 2010mc (Ofek et al. 2013; Smith et al. 2014b) are double-peaked SNe
whose second peaks are powered by CSI. Smith et al. (2014a) suggest that the first peaks with absolute magnitudes
∼ −15 mag were powered by the 56Ni decay while the second peaks ∼ 3 mag brighter than the first peaks were powered
by CSI. The delay between the two first and second peaks of the two SNe studied are also ∼ 40 days, nearly identical
to those of PS1-12cil and SN 2012aa. Supposing that the first peaks of PS1-12cil and SN 2012aa were powered by
magnetars and the the first peaks of SN 2009ip and SN 2010mc while the second peaks of the four SNe were powered
by CSI, the resemblances between the observations of these four SNe indicate that they might have similar pre-SN
mass loss histories.
While the delay between the first and second peaks of these four SNe are ∼ 40 days, there are some discrepancy
between their observation features. First, the first peaks of SN 2009ip and SN 2010mc are ∼ 3 magnitude dimmer
than the second peaks; in contrast, the first peaks of PS1-12cil and SN 2012aa are brighter than the second peaks.
This discrepancy might be due to the different energy sources: the first peaks of SN 2009ip and SN 2010mc have been
believed to be powered by 56Ni decay and the first peaks of PS1-12cil and SN 2012aa might be powered by CSI or
magnetars. Moreover, the r/R-band absolute magnitudes of the first peaks of PS1-12cil and SN 2012aa are respectively
∼ −21 mag (derived by combining the Figure 2 of Lunnan et al. 2018 and PS1-12cil’s redshift, 0.32) and ∼ −20 mag
(Roy et al. 2016), at least 2− 3 magnitude brighter than the first peaks of SN 2009ip and SN 2010mc.
Both SN 2012aa and SN 2009ip locate at the outskirts of their host galaxies (the values for PS1-12cil and SN 2010mc
have not been confirmed): the distance between SN 2012aa and the galaxy center is ∼3 kpc, while the distance between
SN 2009ip and the galaxy center is ∼ 5 kpc which is larger than that of the former. The properties of the host galaxies
and their location are also rather different: the host of SN 2012aa is a normal star-forming galaxy with solar metallicity,
while the host of SN 2010mc is a faint low-metallicity dwarf galaxy.
3.4. Can the Cooling Emission Plus 56Ni/Magnetar Explain the LCs of PS1-12cil and SN 2012aa
The post-shock cooling emission plus 56Ni/magnetar are also plausible models that can account for some double-
peaked SNe. However, the cooling emission would power monotonically decreasing bolometric LCs (see, e.g., Piro
2015) that don’t have rising parts. 3 In contrast, the LCs around the first peaks of bolometric LCs of PS1-12cil and
3 The multi-band optical-IR LCs powered by cooling emission have rising parts while the UV LCs are monotonically decreasing ones.
6SN 2012aa shown clear rising phases. Therefore, the models involving cooling emission are disfavored.
A shock breakout plus cooling emission may reproduce rising and descending peak, but its rising phase is too short
to compatible with the bolometric LCs of PS1-12cil and SN 2012aa.
4. CONCLUSIONS
PS1-12cil is a Type I SLSN, while SN 2012aa is a luminous Type Ic SN. The bolometric LCs of these two SNe are
double-peaked and cannot be explained by any models that can reproduce single-peaked LCs. In this paper, We use
three models, the 56Ni plus CSI model, the magnetar plus CSI model, and the double CSI model, to account for their
bolometric LCs.
According to the best-fitting parameters and the physical constraints, we find that the two shell CSI model is the
most promising one that can reproduce the bolometric LCs of these two SNe. For PS1-12cil, the model parameters are
Mej = 13.18
+2.56
−2.07 M⊙, MCSM,1 = 7.13
+1.39
−1.15 M⊙, and MCSM,2 = 6.26
+0.93
−0.97 M⊙ For SN 2012aa, the model parameters
are Mej = 15.60
+0.93
−0.97 M⊙, MCSM,1 = 17.77
+0.95
−0.96 M⊙, and MCSM,2 = 2.16
+0.20
−0.19 M⊙.
The magnetar plus CSI model is also a good model to fit the LCs of these two SNe. For PS1-12cil, the model
parameters are Mej = 10.59
+3.25
−3.37 M⊙, P0 = 6.52
+0.09
−0.10 ms, Bp = 5.09
+0.13
−0.13 × 10
14 G, and MCSM = 9.64
+2.97
−3.04 M⊙.
For SN 2012aa, the model parameters are Mej = 10.28
+0.72
−0.61 M⊙, P0 = 8.99
+0.11
−0.14 ms, Bp = 4.68
+0.40
−0.29 × 10
14 G, and
MCSM = 1.93
+0.15
−0.12 M⊙.
Based on the explosion time texpl and the collision time tCSI between the ejecta and the CSM, we can infer the mass
loss histories of the progenitors. Provided that they were powered by double ejecta-shell CSI, the inner and outer shells
were expelled ∼ 0.2 − 3.6 and ∼ 2 − 25 years before the explosions of the SNe, respectively; the shells were expelled
∼ 2− 20 years before the explosions of the SNe if they were powered by magnetars plus CSI.
The precursor eruption events have been observed (see, e.g., Ofek et al. 2014a; Arcavi et al. 2017) in the images
obtained several years or several decades before the detections of the corresponding SNe II/IIn. Furthermore, Yan et al.
(2015) estimated that at least 15% of SLSNe-I might expel precursor eruptions before the SN explosions; the interactions
between SN ejecta and the CSM would power a late-time LC rebrightening and the SNe would be confirmed as the
double- or multiple-peaked SNe if the late-time follow-up can be conducted successfully.
Researching the properties of the LCs of some double- or multi-peaked SNe would provide useful information about
the precursor eruptions. It can be expected that future optical sky-survey telescopes would discover more double- or
multi-peaked SNe and the theoretical studies would yield more valuable conclusions.
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8Table 1. Parameters of the 56Ni plus CSI model. The uncertainties are 1σ.
κ Mej MNi MCSM ρCSM,in ǫ x0 κγ,Ni texpl tCSI χ
2/dof
(cm2 g−1) (M⊙) (M⊙) (M⊙) (10
−12g cm−3) (cm2 g−1) (days) (days)
PS1-12cil 0.14+0.03
−0.02 4.95
+0.76
−0.73 3.57
+0.07
−0.06 4.66
+0.76
−0.70 21.47
+7.58
−8.16 0.43
+0.11
−0.11 0.11
+0.02
−0.01 0.01
+0.02
−0.01 −27.95
+0.22
−0.21 29.16
+0.34
−0.42 60.45/12
2012aa 0.20+0.00
−0.00 5.89
+0.12
−0.12 1.63
+0.01
−0.01 1.47
+0.15
−0.09 2.14
+2.24
−0.85 0.51
+0.14
−0.16 0.11
+0.02
−0.01 0.01
+0.01
−0.01 −46.46
+0.45
−0.47 24.72
+0.82
−5.22 92.90/22
Table 2. Parameters of the magnetar plus CSI model. The uncertainties are 1σ.
κ Mej P0 Bp MCSM ρCSM,in ǫ x0 κγ,mag texpl tCSI χ
2/dof
(cm2 g−1) (M⊙) (ms) (10
14 G) (M⊙) (10
−12g cm−3) (cm2 g−1) (days) (days)
PS1-12cil 0.08+0.04
−0.02 10.59
+3.25
−3.37 6.52
+0.09
−0.10 5.09
+0.13
−0.13 9.64
+2.97
−3.04 56.09
+22.04
−21.01 0.18
+0.11
−0.05 0.12
+0.01
−0.01 2.72
+16.94
−0.40 −26.24
+0.20
−0.21 28.64
+0.30
−0.21 54.39/11
2012aa 0.19+0.01
−0.01 10.28
+0.72
−0.61 8.99
+0.11
−0.14 4.68
+0.40
−0.29 1.93
+0.15
−0.12 4.24
+1.91
−2.42 0.29
+0.07
−0.10 0.12
+0.03
−0.01 0.01
+0.01
−0.01 −49.91
+0.83
−0.62 25.32
+0.31
−0.35 36.77/21
Table 3. Parameters of the double CSI model. The uncertainties are 1σ.
ith sa κ Mej,i
b MCSM,i
c RCSM,in,i
d ǫi
e ρCSM,in,i
f x0 tCSI,i
g χ2/dof
Interaction (cm2 g−1) (M⊙) (M⊙) (10
14cm) (10−12g cm−3) (days)
PS1-12cil
1 0
0.16+0.02
−0.02
13.18+2.56
−2.07 7.13
+1.39
−1.15 11.27
+9.31
−6.47 0.56
+0.14
−0.10 7.04
+3.03
−2.29 0.14+0.01
−0.01
−24.46+0.30
−0.27 21.08/10
2 0 20.30 6.26+0.93
−0.97 80.53 0.14
+0.04
−0.02 1.60
+0.25
−0.37 28.98
+0.38
−0.30
1 2
0.15+0.02
−0.01
25.64+2.51
−3.12 17.19
+1.59
−1.88 8.36
+1.71
−1.60 0.69
+0.12
−0.11 7.23
+3.74
−2.17 0.11+0.01
−0.01
−23.86+0.20
−0.20 31.48/10
2 0 42.84 4.07+0.65
−0.51 77.32 0.27
+0.05
−0.04 0.72
+0.33
−0.24 29.35
+0.35
−0.56
2012aa
1 0
0.19+0.01
−0.01
15.60+0.93
−0.97 17.77
+0.95
−0.96 8.15
+4.22
−3.99 0.30
+0.02
−0.02 18.19
+1.12
−1.71 0.14+0.00
−0.00
−45.74+0.61
−0.65 18.61/20
2 0 33.36 2.16+0.20
−0.19 77.91 0.11
+0.01
−0.01 1.21
+0.28
−0.29 25.07
+0.39
−0.50
1 2
0.19+0.00
−0.01
19.46+1.70
−1.25 19.41
+0.37
−0.65 19.79
+1.70
−2.34 0.74
+0.09
−0.15 1.33
+0.36
−0.26 0.11+0.01
−0.01
−43.28+0.60
−0.60 44.23/20
2 0 38.87 2.36+0.15
−0.17 81.39 0.23
+0.03
−0.05 1.13
+0.31
−0.35 19.26
+0.10
−0.10
as is the density index of the ith CSM (ρCSM ∝ R
−s
CSM).
bMej,i is the initial ejecta mass of the ith interaction, and Mej,2 is calculated by Mej,2 = Mej,1 +MCSM,1.
cMCSM,i is the mass of the ith collided CSM.
dRCSM,in,i is the initial radius of the ith collided CSM, and RCSM,in,2 can be calculated by RCSM,in,2 = RCSM,in,1+ vSN(tCSI,2−
tCSI,1).
eǫi is the efficiency of the kinetic energy convert to radiation of the ith interaction.
fρCSM,in,i is the density of the CSM at RCSM,in,i.
gtCSI,i is the time of the ith interaction between the ejecta and the ith CSM.
9Figure 1. The bolometric LCs of PS1-12cil (left panel) and SN 2012aa (right panel) reproduced by the 56Ni plus CSI model.
Data are taken from Lunnan et al. (2018) and Roy et al. (2016), respectively. The abscissa represents time since the explosion
in the rest frame.
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Figure 2. The bolometric LCs of PS1-12cil (left panel) and SN 2012aa (right panel) reproduced by the magnetar plus CSI
model. Data are taken from Lunnan et al. (2018) and Roy et al. (2016), respectively. The abscissa represents time since the
explosion in the rest frame.
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Figure 3. The bolometric LCs of PS1-12cil (top panels) and SN 2012aa (bottom panels) reproduced by the double CSI model.
The left panels represent the double shell (s = 0) case, while the right panels represent the wind (s = 2) plus shell (s = 0) case.
Data are taken from Lunnan et al. (2018) and Roy et al. (2016), respectively. The abscissa represents time since the explosion
in the rest frame.
